Anaerobic ammonium-oxidizing (anammox) bacteria have been recognized as an important sink for fixed nitrogen and are detected in many natural environments. However, their presence in terrestrial ecosystems has long been overlooked, and their contribution to the nitrogen cycling in natural and agricultural soils is currently unknown. Here we describe the enrichment and characterization of anammox bacteria from a nitrogen-loaded peat soil. After 8 months of incubation with the natural surface water of the sampling site and increasing ammonium and nitrite concentrations, anammox cells constituted 40 to 50% of the enrichment culture. The two dominant anammox phylotypes were affiliated with "Candidatus Jettenia asiatica" and "Candidatus Brocadia fulgida." The enrichment culture converted NH 4 ؉ and NO 2 ؊ to N 2 with the previously reported stoichiometry (1:1.27) and had a maximum specific anaerobic ammonium oxidation rate of 0.94 mmol NH 4 ؉ ⅐ g (dry weight) ؊1 ⅐ h ؊1 at pH 7.1 and 32°C. The diagnostic anammox-specific lipids were detected at a concentration of 650 ng ⅐ g (dry weight)
Anaerobic ammonium-oxidizing (anammox) bacteria form a deep-branching, monophyletic group within the planctomycetes and anaerobically oxidize ammonium to dinitrogen gas with nitrite as an electron acceptor (14) . They are active at redox transition zones, particularly in oceanic oxygen minimum zones (6, 10, 21, 24) and in other marine ecosystems (3, 8, 9, 22) . The discovery of anammox bacteria led to the realization that a substantial part of the nitrogen loss that is observed in the marine environment-up to 50% of the total nitrogen turnover-was due to the activity of these bacteria (2) . There are also several studies reporting the presence of anammox bacteria in many freshwater and marine sediments (5, 13, 25, 27, 29) . However, little is known to date about the distribution, diversity, and activity of anaerobic ammonium oxidation in terrestrial ecosystems. Only this year, anammox bacteria were detected in permafrost and agricultural soils by a 16S rRNA-based molecular approach (12) . Nevertheless, anammox bacteria originating from terrestrial ecosystems have not yet been enriched in the laboratory under controlled conditions, and the physiology of these bacteria is still unknown.
Since anammox bacteria depend on the concomitant presence of nitrate/nitrite (NO x ) and ammonium under oxygenlimited conditions, oxic-anoxic interfaces in terrestrial ecosystems should provide a suitable habitat for anammox bacteria.
It is believed that in the marine environment, the source of ammonium is mineralization and nitrifiers, or dissimilatory nitrate reduction provides the necessary NO 2 Ϫ and NH 4 ϩ (16, 23, 24) . In many heavily farmed soil ecosystems, agricultural runoff contributes significantly to the flux of inorganic nitrogen in the form of ammonium and nitrate.
Since the 1960s, anthropogenic nitrogen deposition has led to an increased inorganic nitrogen load in the Netherlands (34) . At the sampling site in the Hierdense Beek valley, a swampy peat soil is fed by nitrate-enriched local groundwater, which infiltrates the adjacent pine forest. In the pine forest, atmospheric ammonia, originating from nearby agricultural activities, is intercepted by the canopy and is nitrified in the forest soil. As a result, local groundwater is acidified and strongly enriched in nitrate. This nitrate-enriched groundwater flows underneath the peat toward the "Hierdense Beek" (34) . The ammonium-rich peat soil comes into contact with nitrate-rich groundwater, and oxygen is rapidly depleted in these organic soils, creating a perfect environment for anammox bacteria.
The aim of the present study was to cultivate bacteria from peat soil and to describe these soil-derived anammox bacteria. In order to enrich microorganisms indigenous to the peaty soil, the in situ niche should be mimicked as closely as possible in the laboratory (18) . To this end, we used a sequencing batch reactor (SBR) that provides the biomass retention that is essential for the cultivation of slow-growing bacteria (35) . The SBR system, combined with a "standardized" medium (38) rich in inorganic nutrients, was used in previous studies describing enrichment cultures of freshwater anammox bacteria (17, 20, 35) . However, the attempts to grow marine anammox species were successful only when not only the salinity but also the micronutrient concentrations of the marine environment were simulated by the inclusion of Red Sea salt (40) . Here, with a similar approach, we used the in situ surface water to re-create the field-like conditions that would most suit the anammox bacteria from the soil ecosystem.
After 6 months of enrichment, the culture consisted of 40 to 50% anammox bacteria affiliated with two previously unknown species, contained the diagnostic ladderane lipids, and could oxidize ammonium at a rate of 0.94 mmol NH 4 ϩ ⅐ g (dry weight)
Ϫ1 ⅐ h Ϫ1 . The enrichment culture described here presents the first insights into the physiology of anammox bacteria detected in terrestrial environments.
MATERIALS AND METHODS
Sampling site. The sampling site is located in the Hierdense Beek, Landgoed Staverden, Netherlands (52°16ЈN, 5°44ЈE). Samples were taken at 0.1 m, 1 m, and 2 m with a corer. The nitrate and ammonium concentrations, pHs, and organic contents of the samples were measured as described previously (37) .
Operation of the bioreactor. An SBR (working volume, 5 liters) was used for the enrichment and cultivation of anammox bacteria from soil (35) . In order to prepare the influent medium, surface water was sterilized by hemofiltration (Fresenius Medical Care, Bad Homburg, Germany). Each SBR cycle consisted of 11 h of filling, 45 min of biomass settling, and 15 min of drawing of the liquid. During each filling period, 0.5 liter of the surface water originating from the sampling site, containing nitrite, ammonium, and nitrate (concentrations are specified in Results), was added continuously to the reactor at a flow rate of 0.5 ml ⅐ min
Ϫ1
. To maintain anoxic conditions, the reactor and the medium vessel were flushed continuously with Ar-CO 2 (95:5; 10 ml ⅐ min Ϫ1 ). The SBR was stirred at 200 rpm and was operated at room temperature (20°C). The pH in the SBR was kept at 7.0 via the CO 2 present in the supplied gas and an automated pH control unit supplying KHCO 3 .
Anammox activity assays. Biomass (40 ml) from the SBR was transferred to 60-ml serum bottles. The biomass was not washed, because a washing step would have reduced the activity of the anammox bacteria considerably. Bottles were sealed with 5-mm-radius butyl rubber stoppers and were made anoxic by alternately applying underpressure and Ar-CO 2 gas at least 7 times. An overpressure of 10 5 Pa was maintained in the bottles. Soluble substrates were added to the bottles from 10 mM anoxic stock solutions. To measure anaerobic ammonium oxidation activity, final concentrations of 250 M, 500 M, or 1,000 M nitrite were used. Ammonium was not added to the incubated cultures because it was in excess in the reactor. Bottles were incubated at pH 7 and 20°C and were shaken continuously at 200 rpm for 1 day. The activity assays with 15 N-labeled nitrogen compounds were conducted as described above except that 15 
NH 4
ϩ and 15 NO 2 Ϫ were used at concentrations of 250 M, 500 M, or 1,000 M (99% pure; purchased as chloride and sodium salts, respectively, from Cambridge Isotope Laboratories Inc., Andover, MA).
Optimum temperature and pH assays. For the optimum temperature analysis, a range of 15 to 35°C with a 5°C increment was used. For the optimum pH determination, HEPES buffer in combination with HCl or NaOH was used to adjust the pH to a range of 6.5 to 8.5 (with 0.5-pH-unit increments). Final concentrations of 250 M ammonium and nitrite were used in all tests, and the incubations were conducted as described above. The pH of each sample was measured again at the end of the incubation to determine any changes. A highly enriched culture of "Candidatus Brocadia fulgida" was used as a positive control in the assays (19) .
Analytical methods. In the activity tests, nitrite and ammonium were measured as described by Kartal et al. in 2006 (15) . The isotopic compositions of dinitrogen gas and nitrous oxide were determined with a gas chromatograph (Agilent 6890) coupled to a quadruple inert mass spectrometer (Agilent 5975c). The total solids (TS) were quantified by drying at 105°C and weighing after cooling in a desiccator.
DNA extraction and PCR. The original soil sample (1 g) or the biomass from the SBR (1.5 ml) was centrifuged. DNA was extracted with a PowerSoil DNA isolation kit (MoBio, Carlsbad, CA) according to the manufacturer's instructions. DNA was then dissolved in 50 l ultrapure water and was kept at 4°C until further analysis.
The primer combination Amx368F-Amx820R was used for the preferential amplification of the 16S rRNA genes of anammox bacteria (31) . PCR fragments were cloned directly using the pGEM-T Easy cloning kit (Promega, Leiden, Netherlands) according to the manufacturer's instructions. Plasmid DNA was isolated and purified with the GeneJET plasmid miniprep kit (Fermentas, Burlington, Canada). Plasmids were digested with 5 U EcoRI enzyme in EcoRI buffer for 1.5 h at 37°C. The digestion products were examined for an insert with the expected size by agarose gel (1%) electrophoresis.
Sequencing and phylogenetic analysis. The sequences of the 16S rRNA gene fragments were determined by using the M13 forward primer, the M13 reverse primer, and an internal primer targeting vector sequences adjacent to the multiple cloning sites. Phylogenetic analyses were performed with the neighborjoining method using the Tamura-3 algorithm and the pairwise deletion substitution model (36) and were tested by bootstrap analysis with 3,000 replications.
Fluorescence in situ hybridization (FISH). Biomass (1.5 ml) was harvested from the enrichment culture and was fixed in paraformaldehyde, and hybridizations with fluorescent probes were performed as described previously (31) . All probes were purchased as Cy3-, Cy5-, and 5(6)-carboxyfluorescein-N-hydroxysuccinimide ester (Fluos)-labeled derivatives from Thermo Electron Corporation (Ulm, Germany). The following probes were used to monitor the enrichment of the anammox population as described by Schmid et al. (31) : Amx 368 (S-*-Amx-0368-a-A-18; specific for all known anammox genera [31] ), Amx 820 (S-*-Amx-0820-a-A-22; specific for "Candidatus Kuenenia stuttgartiensis" and "Candidatus Brocadia anammoxidans" [30] ), EUB 338 (S-D-Bact-0338-a-A-18
together with EUB and EUBII, specific for most bacteria [4] ), and Pla46 (S-PPlanc-0046-a-A-18; specific for Planctomycetales [26] ).
Lipid analysis. Biomass (50 ml) was harvested from the SBR and was freezedried. It was extracted by a modified Bligh-Dyer method according to the work of Rattray et al. (28) . The sample was ultrasonically extracted for 15 min using methanol-dichloromethane (DCM)-phosphate buffer (pH 7.4) at a ratio of 2:1: 0.8 (vol/vol/vol). The supernatant was collected, and the residue was reextracted ultrasonically twice. The solvent ratio of the combined supernatants was adjusted to 1:1:0.9 (vol/vol/vol) methanol-dichloromethane-phosphate buffer, and the supernatants were centrifuged. The bottom DCM layer was collected, and the remaining solvent was reextracted twice with DCM. The DCM layers were combined and dried under a rotary evaporator. The extract was then eluted over Na 2 SO 4 and was dried under N 2 .
An aliquot of the Bligh-Dyer extract was separated over a small column of activated silica (60 mesh; activated for 3 h at 130°C and cooled in a desiccator to room temperature). The aliquot was eluted 3 times with 2:1 (vol/vol) ethyl acetate-hexane and then 3 times with methanol in order to separate the anammox ladderane lipids (methanol fraction) from the soil material (ethyl acetatehexane fraction). The methanol fraction was saponified by refluxing with aqueous KOH (in 96% methanol) at 100°C for 1 h. Fatty acids were obtained by acidification of the sample to a pH of 3 with 1 N HCl in methanol, followed by extraction using DCM. The fatty acids were converted to their corresponding fatty acid methyl esters (FAMEs) by methylation with diazomethane (CH 2 N 2 ). Excess CH 2 N 2 was removed by evaporation under N 2 . Polyunsaturated fatty acids (PUFAs) were removed by elution of the sample over a small AgNO 3 (5%)-impregnated silica column with DCM.
The fatty acid fraction was dissolved in acetone, filtered through a 0.45-mpore-size, 4-mm-diameter polytetrafluoroethylene (PTFE) filter, and analyzed by high-performance liquid chromatography coupled to positive-ion atmospheric pressure chemical ionization tandem mass spectrometry (HPLC-APCI-MS-MS) in selective reaction monitoring (SRM) mode as described by Hopmans et al. (11) and modified by Rattray et al. (28) . Ladderane lipids were quantified using an external calibration curve of standards of isolated methylated ladderane fatty acids containing the [3] -and [5]-ladderane moieties (11, 28, 33) . A detection limit of 30 to 35 pg of the injected ladderane lipid was achieved with this technique.
Nucleotide sequence accession numbers. The sequences determined at the time of inoculation have been deposited in GenBank under accession numbers HQ637487 (cluster 1), HQ637488 (cluster 2), and HQ637489 (cluster 3). Those determined after 8 months of incubation have been deposited in GenBank under accession numbers HQ610833 (cluster 1) and HQ610834 (cluster 2).
RESULTS
Sampling site. The nitrate and ammonium profiles of the peat soil at the Hierdense Beek valley showed that these nitrogen species co-occurred between 1 and 2 m of the depth profile. The measurements also suggested that there was significant consumption of nitrate and ammonium at these sam-VOL. 77, 2011 NEW ANAMMOX COMMUNITY FROM PEAT SOIL 967 pling points (Fig. 1) . Throughout the depth profile, the O 2 concentration was below the detection limit (15 M). Screening of the inoculum. Five samples were taken from Hierdense Beek at two locations and three depths (Table 1) . Samples HB1, HB4, and HB5 were taken from the peat soil and samples HB2 and HB3 from the adjacent grassland. PCR amplification with the combination of primer Pla46F and the universal reverse primer 630R (planctomycete specific) did not result in any sequences affiliated with anaerobic ammonium-oxidizing (anammox) bacteria. When the primer set 368F-820R (specific for anammox bacteria) was used, three sequence clusters affiliated with anammox bacteria could be detected in samples HB1, HB4, and HB5. All three clusters were detected in sample HB5; thus, it was decided that sample HB5 would be suitable for inoculating a bioreactor for the enrichment of soil anammox bacteria.
Enrichment of anammox bacteria. A sequencing batch reactor (SBR) with a working volume of 5 liters was inoculated with 1 kg (wet weight) of soil homogenized with surface water from Hierdense Beek (soil/surface water ratio, 1:4). The influent medium was prepared by filtering surface water from Hierdense Beek with a hemofilter (Fresenius Medical Care, Bad Homburg, Germany). Initially, the medium was supplemented with 0.5 mM nitrite and 1 mM ammonium and nitrate. The substrate concentrations were gradually increased to 4 mM. The effluent concentration of nitrite was always below the detection limit (10 M). The population diversity of the enrichment culture and the abundance of anammox bacteria were monitored by FISH and 16S rRNA gene clone libraries.
Activity tests. The anammox activity of the enrichment culture was tested every 2 months during the operation of the reactor. Anammox activity was detected in the batch incubations for the first time after 4 months. This activity increased with a doubling time of 27 days in the following 4 months and reached a pseudo-steady state. The highest specific activity for the enrichment culture was 0.94 (Ϯ 0.04) mmol NH 4 ϩ ⅐ h Ϫ1 ⅐ g (dry weight)
Ϫ1 with a stoichiometry of 1:1.27 (NO 2 Ϫ to NH 4 ϩ ). The optimal temperature and pH of the culture were 32°C and pH 7.1, respectively. These parameters were different from those for the control culture (ϳ80% enriched "Candidatus Brocadia fulgida" [19] ), which had maximum specific activity at 30°C and pH 7.8 with a rate of 9 mmol NH 4 ϩ ⅐ h Ϫ1 ⅐ g (dry weight)
Ϫ1 . 16S rRNA analysis and FISH microscopy. In order to determine the species of anammox bacteria present in the enrichment culture, we applied our anammox-specific 16S rRNA sequence approach. DNA extraction, PCR amplification (with the Amx368F-Amx820R primer set), cloning, and sequencing were conducted at the time of inoculation and after 8 months. Twenty clones were randomly selected for sequencing at each sampling point. Phylogenetic analysis of the clones at the time of inoculation revealed three detectable genera in the Hierdense Beek valley, in contrast to marine sediments, where one genus has been detected to date (see Fig. S1 in the supplemental material). At the end of 8 months, when a pseudosteady state was reached, two anammox phylotypes, each represented with 9 out of 19 sequences, could be detected in the clone libraries. These clusters (clusters 1 and 2) were unique groups with only 96% sequence similarity to the closest known anammox species, "Candidatus Jettenia asiatica" and "Candidatus Brocadia fulgida," respectively (Fig. 2) .
The enriched anammox bacteria could also be visualized by FISH microscopy. Anammox clusters were identified after 6 months of enrichment with the Amx820 probe, specific for "Candidatus Brocadia"-, Candidatus Jettenia"-, and Candidatus Kuenenia"-like bacteria (Fig. 3) .
Lipid analysis. Four ladderane fatty acids (as fatty acid methyl esters [FAMEs] ) were analyzed by high-performance liquid chromatography coupled to positive-ion atmospheric pressure chemical ionization tandem mass spectrometry (HPLC-APCI-MS-MS). All scanned ladderane fatty acids were detected in the enrichment culture (Fig. 4b to e) . The dominant ladderane fatty acid in the culture was the pentyl- [3] -ladderane FAME (Fig. 4e) , which constituted 46% of the total ladderane lipid concentration. The three remaining ladderane fatty acids, the pentyl- [5] -, heptyl-[3]-, and heptyl- [5] -ladderane FAMEs, contributed 14%, 11%, and 29%, respectively. The combined total concentration of ladderane fatty acids in the soil culture was 650 ng ⅐ g (dry weight) Ϫ1 . 
DISCUSSION
The surroundings of the Hierdense Beek valley, Netherlands, have been strongly enriched in anthropogenic nitrogen for more than 40 years due to agricultural activity. Since the 1980s, part of the grasslands in the valley has become progressively wetter, resulting in the development of a swampy peat soil. This can be attributed to the anaerobic decomposition of the deeper peat layer, most likely because the groundwater is enriched in nitrate, which serves as an alternative electron acceptor (34) .
For the sampling site, anammox bacteria were detected by PCR cloning in three of the five samples (HB1, -4, and -5) taken from different depths and showed high diversity (3 distinct species) for such a limited set of samples. It is most likely that separate microniches existed in the heterogeneous soil samples, suggesting that the terrestrial ecosystems harbored different anammox species, in contrast to the ubiquitous (and almost exclusive) presence of the "Candidatus Scalindua" genus in the oceans (7, 24, 27, 32) . The two samples (HB2 and -3) in which anammox bacteria could not be detected were from a dry grassland in the sampling site, where nitrate/nitrite concentrations in the groundwater were much lower (Ͻ10 M). Nevertheless, the possibility that primer bias may account for the negative result cannot be ruled out.
Our past studies showed that the inorganic medium described by van de Graaf et al. was suitable for the enrichment of wastewater anammox species but was most probably inhibitory to the species originating from natural ecosystems that were adapted for survival under conditions of nutrient limitation (38, 40) . In order to enrich the indigenous anammox bacteria, the in situ surface water (hemofilter sterilized) was used as the influent medium, with low initial nitrite and ammonium concentrations (0.5 mM). This resulted in a slow but steady increase in the consumption of the substrates in the reactor. The first detection of anammox activity in batch incubations was followed by an increase in the anaerobic ammonium oxidation rate, and the responsible bacteria could be visualized by FISH microscopy. The first anammox cells that could be detected by FISH were loosely attached (data not shown). After 6 months of enrichment, as observed for previous enrichment cultures (17, 31, 40) , the anammox bacteria were present in tightly packed clusters and constituted about 40 to 50% of the population detectable by FISH microscopy and counterstaining with the DNA dye 4Ј,6-diamidino-2-phenylindole (DAPI) (Fig. 3) . The cells detected seemed to be attached to soil particles, which could facilitate better settling, necessary for growth in a sequencing batch reactor (Fig. 3) .
In contrast to the previous reports that show one anammox strain per enrichment culture, there were two clusters of anammox bacteria in the enrichment culture after 8 months (Fig.  2) . Neither of these clusters corresponded to the anammox species that have been described. Phylogenetic analysis based on the 16S rRNA gene showed that these clusters had the highest similarities (96%) to "Candidatus Jettenia asiatica" and "Candidatus Brocadia fulgida." The niche differentiation of anammox bacteria could be defined by micronutrient concentrations or the inclusion of an alternative energy source (16, 17, 40) . Compared to the almost exclusively used activatedsludge inoculum, seeding material from the soil environment most likely contained more difficult-to-degrade and slowly released organic compounds (e.g., humic acids). It has been reported that the endogenous electron donors in soils could take as long as several months to be completely degraded anaerobically (39) . In the current enrichment culture, there were probably still enough soil-derived compounds to allow the presence of two groups of anammox bacteria (39) . Because the enrichment culture was fed with in situ surface water, the compound(s) that affected the selection of a certain species might be constantly supplied to the enrichment culture, leading to the enrichment of two different species.
The biomass from the enrichment culture had a substrate (NO 2 Ϫ and NH 4 ϩ ) conversion stoichiometry of 1:1.27, which was almost identical to the previously reported value, 1:1.3 (38) . The highest anaerobic ammonium-oxidizing activity occurred at 32°C and pH 7. The optimum pH for the activity reflected the operational conditions of the bioreactor. The maximum specific activity of the biomass from the reactor was 0.94 (Ϯ 0.04) mmol NH 4 ϩ ⅐ h Ϫ1 ⅐ g (dry weight) Ϫ1 . This lower specific activity (approximately 10% that of the control) could be an underrepresentation due to the large amount of nonbiological particles present in the enrichment culture as a result of the very long solids retention time (SRT) required for the enrichment of anammox bacteria.
The long SRT also led to a high abundance of soil-and plant-derived lipids in the fatty acid fraction isolated from the bioreactor. Once these lipids were removed, the ladderane lipids, so far a unique biomarker for anammox bacteria (33) , could be detected in relatively high abundances in the enrichment culture. The concentrations of ladderane lipids were lower than those previously reported in highly enriched cultures (75 to 90% [28] ), most likely due to the contribution of nonbiological particles to the dry weight measurements. C 20 laddrane fatty acids dominated over shorter-chain C 18 fatty acids, a lipid distribution comparable to that found in other anammox enrichment cultures. The most abundant lipid type was the C 20 fatty acid with 3 cyclobutane rings and 1 cyclohexane ring, as in the previously described enrichment culture of "Candidatus Scalindua"-like bacteria.
In this study, two previously unknown anammox species were enriched from a soil deposited with anthropogenic nitrogen. The physiological parameters and substrate conversion stoichiometry conformed to those for the previously described species. The soil enrichment culture also contained the diagnostic ladderane lipids unique to anammox bacteria, in particular the C 20 [3] fatty acid. The enrichment of an anammox species from the terrestrial ecosystem is a first step toward better understanding of the contribution of anammox bacteria to nitrogen cycling in natural and agricultural soils.
